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Abstract Heterogeneity that is on a length scale just below
that of a seismic wavelength is at the limit of resolution
but may still cause significant wave scattering. A specific
instance of this situation concerns seismic wave propagation
through a sedimentary succession. Evidence from a high-
resolution seismic experiment on the Mount Messenger
Formation in North Taranaki, New Zealand, suggests that
scattering from small-scale geometrical variations within
the succession may be responsible for the presence of
artefacts in processed seismic sections. Reflection data for
this experiment have a dominant wavelength of c. 20 m, and
the Mount Messenger Formation contains significant lateral
variation on this length scale in the form of channel features.
We model wave propagation through simplified models of
these features; the resulting synthetic seismograms show that
scattering and diffraction from small-scale lateral variation
in elastic properties is an important effect. Simple processing
steps applied to the synthetic results lead to the scattering
manifesting itself as artefact in seismic image sections; these
artefacts are analogous to those seen in the field data.
Keywords scattering; diffraction; seismic modelling; small-
scale heterogeneity; Mount Messenger Formation
G04034; Online publication date 29 September 2005
Received 12 August 2004; accepted 3 June 2005
INTRODUCTION
Different scales of heterogeneity within a material give rise
to seismic wave scattering with different characteristics. In
the limits of very large scale or very fine scale heterogeneity,
the scattering is well described using appropriate approximate
theories, such as ray theory (Červený et al. 1977) and effec-
tive medium theory (Mavko et al. 1998), respectively. For
heterogeneity on a length scale between these two extremes, it
becomes necessary to consider individual scattering processes
directly; seismic waves propagating through such a material
see both the structure of the scatterer and the spatial variation
of the heterogeneity, resulting in complex scattering that forms
an important part of the wavefield.
Scattering processes can be considerable even in regimes
where resolution of individual scatterers is difficult because
of their small size. It is hard to discriminate between arrivals
that are reflected from different parts of an object with
a size of the order of, or just smaller than, a wavelength
(hereafter referred to as small-scale heterogeneity), and it
therefore becomes difficult to reconstruct with confidence
the precise shape and location of the object causing the
scattering. Using scattered waves to resolve clearly the
small-scale heterogeneous structure of a material is thus not
really possible, but the reflections produced by this kind of
heterogeneity can nevertheless contribute significantly to the
total scattered wavefield.
A specific instance of this situation concerns seismic wave
propagation through sedimentary successions, in particular
within the context of exploration seismology. While seismic
reflection experiments use waves with a dominant wavelength
of at least 25 m, there is substantial geometrical variation
within such successions on length scales of 5-10 m. This
variation is predominantly in the form of channels or other
erosional features associated with the original process of
deposition (Leeder 1999). Characterising the scattering
effect of these small-scale features is of importance, since a
knowledge of the structure of sedimentary rocks at all scales is
critical for both hydrocarbon exploration and production, and
the most common way to acquire this knowledge is through
seismic reflection surveys.
The Mount Messenger Formation in North Taranaki,
New Zealand, consists of late Miocene turbidites (Browne
& Slatt 2002), and is particularly accessible to study as there
is 10 km of continuous coastal outcrop between Pukearuhe
Beach and Tongaporutu River mouth (Fig. 1). Small-scale
sedimentary features of the sort described above are abundant
throughout the formation. Remote sensing from seismic
experiments and well logs, with evidence from drill cores,
shows that the sedimentary structures seen in the Mount
Messenger Formation are akin to those commonly found in
large hydrocarbon producing fields such as offshore Angola,
the Gulf of Mexico, or the North Sea. The particular value of
the Mount Messenger Formation is as an exposed analogue
to these producing fields (Browne & Slatt 1997).
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Fig. 1 Location of the Mount Messenger Formation. The formation
is exposed in outcrop between Pukearuhe Beach and Tongaporutu
River mouth.
In this paper, we consider the effect that scattering from
this type of small-scale sedimentary structure has on the
processed seismic image. Processing steps that are designed
to enhance image quality may actually introduce substantial
artefacts if the assumptions that lie behind the process are
not met. In turn, this may lead to erroneous interpretation of
seismic images resulting in false geological structure.
The literature on modelling seismic scattering from
heterogeneities is substantial, and there exists a large number
of theoretical and numerical studies of the subject. Early
theoretical work on the generic problem of small-scale
scattering was carried out by Knopoff & Hudson (1964),
while Wu & Aki (1985) used the Born approximation to derive
general expressions for weak scattering by elastic inclusions.
It is much harder to make analytic progress in problems of
strong scattering, where multiple scattering effects cannot be
ignored, and so numerical simulation has played an important
role in this area. Numerical techniques that are frequently used
include finite elements (e.g., Lysmer & Drake 1972), spectral
elements (Komatitsch & Vilotte 1998), boundary integral
methods (Benites et al. 1992) and, by far the most common,
finite differences (e.g., Kelly et al. 1976). Whatever technique
is employed, the simulation of seismic wave propagation
is computationally expensive, and it is only relatively
recently that even the simplest 3D simulations have become
practical. All of these techniques require a degree of model
discretisation, and so the full richness of detail on all scales
that is found in a true sedimentary rock formation is never
completely incorporated in a synthetic model. Nevertheless,
these techniques have proved very successful at producing
synthetic results which capture much of the complexity and
character of real data.
Studies of the effect of scattering on processed seismic
reflection images have mainly considered random media,
and have demonstrated that scattering in the near surface can
substantially degrade the quality of deeper reflections (Holliger
& Robertsson 1998; Martini et al. 2001). Furthermore,
standard processing steps applied to data synthesised from
random media can lead to the appearance of numerous
coherent arrivals, which may easily be misinterpreted as
being true reflection events (Gibson & Levander 1988,1990;
Holliger & Levander 1994).
In this paper, we will focus on scattering from individual
heterogeneous inclusions, while maintaining the same strategy
used in earlier studies of processing our synthetic results as
if they were real data. These results can then be compared
with field data collected from a seismic reflection experiment
performed on the Mount Messenger Formation. We begin by
presenting the details of this experiment, indicating how the
results suggest that scattering from small-scale features is a
visible effect, and using field observations from the Mount
Messenger Formation to motivate our modelling. We go on
to present synthetic seismograms calculated for simplified
models of small-scale channel features, and finally consider
the effect of elementary processing steps on the modelling
results.
EXPERIMENTAL MOTIVATION
The Mount Messenger Formation gently dips to the southwest,
and units from a 600 m stratigraphic thickness are exposed
at different coastal locations between Pukearuhe Beach (in
the south) and Tongaporutu River mouth (in the north). As
a consequence, it is straightforward to predict the nature of
the rocks buried underground to the south by examining
outcrop examples of units farther north from that particular
stratigraphic depth.
The formation predominantly consists of a repeating
succession of thin sandstone and mudstone layers. Individual
beds are laterally continuous for many tens of metres, with a
thickness in the order of centimetres, while the character of
the rocks at a given stratigraphic depth is continuous across
many hundreds of metres. Superimposed upon this stratified
background are lateral variations in the form of channels
and other erosional features created during deposition. In
many places these features are filled with material that is of
a different character to its surroundings. Figure 2 shows an
outcrop example, where the depositional environment has
carved out a channel of approximate width 20 m and depth
3 m. Although the channel lies in a sandstone-dominated
background, it has been filled in with mudstone.
Even a very high resolution seismic reflection experiment
using waves with a dominant frequency of the order of 100 Hz
gives a wavelength of c. 20 m in rocks such as these. The
vertical resolution of a seismic image is directly related to
this dominant wavelength, while the horizontal resolution
(measured by the size of the first Fresnel zone) depends on
both the wavelength and the depth to the target. Channels and
other similar features are therefore on a length scale that is too
small for their shape to be clearly resolved, even when they are
to be found at fairly shallow depths. Nevertheless, they still
cause scattering, particularly when there is a strong material
contrast with the background. In this case, the scattering may
be enough to produce visible artefacts in a seismic section.
In different environments, the notion of what counts
as small-scale heterogeneity may change. For a turbidite
sequence in a deep hydrocarbon reservoir, with several
kilometres of overburden, the dominant frequency of waves
used in seismic exploration might only be 30 Hz. The size of
structure at the limit of resolution will therefore be larger, but
the generic features of the situation remain the same.
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Fig. 2 A typical scour and fill feature found in the Mount Messenger Formation. This channel (position indicated in the schematic
diagram in the lower left) has been cut within a sandstone-dominated background but is filled in with mudstone. The gentle dip of the
sequence, which results in exposures of different stratigraphic depths at different coastal locations, is clearly visible. The length of the
measuring stick is 5 m.
Figure 3 shows an unmigrated section from the Mount
Messenger seismic reflection experiment. The experiment
location was Pukearuhe Beach, and so rocks from the same
stratigraphic depths as those shot into were visible in outcrop
farther north along the coast. It is important to emphasise
that we have deliberately applied a very simple processing
sequence to the field data. Our aim is to arrive at a minimally
processed image that we can examine for features that may
be attributable to small-scale scattering. More sophisticated
processing steps produce a much cleaner image, but at the
cost of destroying the subtle scattering features that we are
looking for in this study.
The reflection data have a dominant frequency of
c. 125 Hz, although in the raw shot gathers there was
substantial ground roll at frequencies of 40 Hz. The first step
in the processing sequence was an f-k filter to remove the
effects of this ground roll. The large difference in frequencies
means that it is straightforward to do so without contaminating
the reflection data. The remaining steps in the processing
sequence were normal moveout correction and a common
depth point stack. Statics corrections were not applied due to
the difficulty of establishing the exact thickness of the surface
sand layer into which the shots were placed.
The dominant feature of the stack is an overall stratified
structure, with particularly strong reflectors being imaged
every 100 ms or so. The angle of dip matches outcrop
measurements, and the repeating pattern of strong reflectors
can be correlated with major boundaries between sedimentary
structures that are observed in the relevant section of outcrop
(Browne & Slatt 2002).
There are several features found within the stack that
do not correspond to any observable characteristic of
the formation outcrop, and it is possible that these are
manifestations of scattering from the type of small-scale
lateral variation discussed above. One example is near CDP
370, 220 ms two way time, where some otherwise very
distinct, laterally continuous reflectors are broken up. The
breakup of the reflector covers a zone with a width of c. 25
CDPs (25 m), and a time period of 5-10 ms. Another feature
of approximately the same size can be seen near CDP 440,
85 ms, where there is a coherent arrival in the shape of a small
inverted V. A similar, slightly smaller, feature can be seen,
albeit less clearly, at CDP 485, 120 ms, and there is again
a hint that this corresponds to the breakup of an otherwise
continuous reflector.
Figure 4 shows the same section after a post-stack time
migration has been applied. Although migration is designed
to increase lateral resolution, it is not immediately clear that
in this instance it produces a significantly better image of
the subsurface structure. The lateral continuity of the major
reflectors is somewhat enhanced, but much of the finer
scale structure seen in the unmigrated section is smeared out.
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Fig. 3 Seismic section of the Mount Messenger Formation. The stack was produced using a relatively simple processing sequence: f-k
domain filtering to remove ground roll, normal moveout correction, and common depth point stacking. The CDP spacing is 1 m. (The
stack is plotted in reverse CDP order so that the dip of the sequence is in the same sense as Fig. 2.) Features of interest mentioned in the
text have been highlighted with circles. The white box in the upper-right corner is the same size as the area of outcrop visible in Fig. 2.
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Fig. 4 The seismic section of Fig. 3 after a post-stack Stolt time migration has been applied.
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The inverted V-shaped features identified on the unmigrated
section are not seen on the migrated section, although evidence
of the breakup or pinchout of reflectors can be seen near CDP
370, 220 ms, and CDP 485, 120 ms, the locations of two of
the features found in the unmigrated section. Furthermore, a
number of shallow reflectors between CDP 300, 60 ms, and
CDP 500,40 ms, which are discontinuous on the unmigrated
section, migrate to irregular events with pronounced low and
high amplitude segments.
There are, of course, several potential causes of the features
seen in the stacks. We have deliberately chosen to follow a
simple processing sequence, and so the resulting images are
somewhat noisy. Besides noise, the features that we see could
also be attributable to out-of-plane scattering from 3D structure
within the sequence (Drummond et al. 2004). Nevertheless, it
is striking that the greatest number of features in the stacked
sections are in those stratigraphic intervals that contain the
highest density of erosional channels in outcrop.
To investigate the hypothesis that the features seen in
the stacked sections are the manifestation of small-scale
scattering processes, we carry out forward modelling of
wave propagation through simplified models of the erosional
channel features found in the Mount Messenger Formation.
By processing the resulting synthetic seismograms as if they
were a real dataset, we are able to draw a comparison between
the synthetic and field results.
MODELLING
Methodology
The effects of scattering from the kinds of small-scale
features seen in the Mount Messenger Formation are likely
to be subtle, and the accurate numerical modelling of such
scattering is a challenge. Whatever technique we choose to
employ, the computational cost of this modelling is going to
be high. Finite difference and finite element methods would
require a very small grid or mesh size in order to obtain an
accurate solution (not least because of the importance of
accurately representing the geometry of the scatterer), and
calculation of enough shots to produce a synthetic stacked
section using this method would take a substantial period of
time. Spectral element methods, although highly accurate,
are even more computationally demanding, while boundary
element techniques become increasingly difficult to use for
complex geometries.
In this paper, we turn to a novel invariant embedding
scheme, which uses an impedance operator to reformulate
the classical elastic wave equation as a set of two first-order
initial value problems. A spectral expansion converts these
initial value problems to ordinary differential equations, which
can then be solved to a very high degree of accuracy using a
standard Runge-Kutta scheme. The technique is analogous
to the reflectivity method for stratified media, and achieves a
similarly high generic degree of accuracy. While reflectivity
methods split the elastic wavefield into upgoing and downgoing
parts, the impedance operator technique makes a more general
decomposition of the wavefield into parts that carry upgoing
and downgoing energy. This energy-based decomposition
remains valid in laterally varying media, where the simpler
approach of reflectivity methods can become poorly defined.
The impedance operator technique is in principle just as
accurate as the reflectivity method because it starts from the
I* * W 15
Fig. 5 A simple model of a channel feature. The model is 15 m
wide and 3.75 m thick, and the curved lower surface of the channel
is defined by a cubic spline joining the deepest point and the two
endpoints. The mudstone channel is embedded within a uniform
sandstone background.
same propagator equations of motion and deals only with
components of stress and velocity that vary continuously.
A detailed discussion of the method and its validation
can be found in Haines et al. (2004) and Hulme et al. (2004).
The technique is particularly suitable for the simulation of
seismic surveys because once fundamental solutions for plane
wave responses have been calculated, solutions for different
source and receiver geometries can be found with little extra
computational effort. In contrast, each change of shot position
would require a fresh finite difference calculation.
Initial model
As our initial model, we take a simplified version of the
channel seen in Fig. 2. The model represents a mudstone
channel of width 15 m and vertical thickness 3.75 m,
embedded within a uniform sandstone background, and is
illustrated in Fig. 5. The upper surface of the channel is flat,
while the lower surface is defined by a cubic spline connecting
the deepest point with the two ends. The channel is modelled
as having an identical density to the background (2000 kg
m–3), but with P- and S-wave speeds 20% lower (VP = 1600 m
s–1, VS = 1000 m s 1 for the mudstone channel, VP = 2000 m
s 1, VS = 1250 m s 1 for the sandstone background). It is the
general features of the situation that are important, so just as
we have taken an idealisation of the channel's shape in the
model, we have chosen the material parameters of the channel
to give an idealised low-velocity anomaly.
For the sake of simplicity, we restrict our modelling to
2D situations, and we do not include any free-surface effects.
The impedance operator technique that we use is equally
applicable to 3D problems, and can handle free surfaces and
rough topography naturally, but our aim is to focus on the
simplest possible situation of interest. Calculations in 2D
give rise to much of the rich scattering behaviour seen in 3D
problems, but are much faster to compute.
Figure 6 shows the horizontal and vertical component of
P-SV synthetic seismograms for this model, calculated for
three different shot positions. The resulting P and SV waves
individually all involve both horizontal and vertical motions.
What we have shown here and use in subsequent figures is the
reflected and diffracted wavefield. The shots are positioned
10 m above the top of the channel, and offset from its centre
by -10, - 5 , and 0 m. There are 43 receivers, also at a height
of 10 m above the top of the channel, equally spaced at an
interval of 1.17 mbetween-24.61 and24.61 m. The source
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Fig. 6 Synthetic P-SV seismograms for the model of Fig. 5. A, Horizontal component of displacement. B, Vertical component of
displacement. The shot position is in all cases 10 m above the top of the model, and offset from the centre of the channel by, from left to
right, -10, -5, and 0 m. Several of the diffracted phases recorded at wide offsets are indicated. C, Travel times for reflected phases (solid
lines) and P-wave (dashed lines) and S-wave (dotted lines) diffractions from the endpoints of the channel.
is modelled as a point source, with a time function in the form
of a Ricker wavelet with dominant frequency 97 Hz. Within
the sandstone, the wavelength of a P-wave of this frequency
is c. 20 m. While the width of the channel is on this length
scale, its thickness is smaller. Given the shallow depth of the
channel we would expect reasonable horizontal resolution of
its shape but difficulties with vertical resolution.
The pattern of the seismograms is complex, and includes
waves reflected from all parts of the channel. Conversions
between P- and S-waves, which take place at the interfaces
between the channel and the background, mean that
the reflected wavefield is a mixture of both wave types.
The small-scale nature of the heterogeneity means that
the interfaces at which scattering occurs are much more
closely spaced than a wavelength. The reflected waves
merge into one extended arrival, making it hard to
clearly separate the reflections from the two surfaces of
the channel.
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CDP
Fig. 7 A, Unmigrated CDP stack of vertical component data for the channel scatterer of Fig. 5. The CDP spacing is 0.585 m. B, Zero-
offset section calculated using the same trace spacing.
ID i:.
4 D
Distance
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Fig. 8 Ray tracing for reflections from the synclinal base of the channel. The shot gather is found by tracing rays generated at a single
point; the zero-offset section is found by solving for those rays that are reflected directly back to the shot point. For simplicity we assume
a uniform velocity (that of the background). Solid lines are P-wave reflections, dashed lines are S-wave reflections.
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Fig. 9 Post-stack Stolt time migrations of (A) the CDP stack and (B) the zero-offset section of Fig. 7. The CDP spacing is 0.586 m.
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Fig. 11 A-C, Post-stack Stolt time migrations of the stacks shown in Fig. 10.
Fig. 12 A more complicated model, representing a sandstone
channel cut from a mudstone layer.
Nevertheless, some arrivals can be easily identified,
particularly with the help of Fig. 6C, which shows the travel
times for waves reflected from the upper surface of the channel
and diffracted from its end points. The arrival at 10 ms two
way time, evident on the vertical component seismograms,
is the direct P-wave reflection from the upper surface of the
channel. The later parts of the seismograms are dominated by
diffractions from the endpoints of the channel. The diffractions
are most clearly seen at wider offsets, where the P- and S-wave
arrivals begin to separate. The S-wave diffractions (which can
be identified by their steeper slope, since they are travelling
more slowly), are generally of larger amplitude than the
P-wave diffractions, particularly on the vertical component
seismograms.
The symmetry breaking effect of moving the shot
off-centre is easily seen. As would be expected, the largest
displacements are recorded at positions corresponding to
direct reflections from the upper surface of the channel,
but the fact that significant displacements are recorded
outside this zone illustrates that more complex scattering is
taking place.
Processed images
The raw seismograms provide some important information
about the scattering taking place, but in order to make a
comparison with the Mount Messenger field data, we must
consider the effect of elementary seismic processing steps.
These processing steps are derived under assumptions
(e.g., lateral uniformity or constant dip) that may not hold
in practice, and artefacts will generally be introduced
into processed images when reflectors do not conform to
Fig. 10 Unmigrated stacks illustrating the effect of systematic variations in the parameters of the channel. A, The aspect ratio is kept equal
to that in Fig 5, but the size of the channel is increased. Left to right: a channel of width 10 m and thickness 2.5 m, a channel of width 15 m
and thickness 3.75 m, a channel of width 20 m and thickness 5 m. B, Varying the thickness, keeping the width constant at 20 m. Left to
right: a channel of thickness 2.5 m, a channel of thickness 5.0 m, a channel of thickness 7.5 m. C, Varying the width, keeping the thickness
constant at 5 m. Left to right: a channel of width 10 m, a channel of width 15 m, a channel of width 20 m. All other details as before.
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Fig. 13 Unmigrated (A) and migrated (B) stacked sections corresponding to the model of Fig. 12.
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Fig. 14 Another more complex model, representing a mudstone
channel embedded within a region of repeating thin sandstone and
mudstone layers.
these assumptions. Our aim here is not to process the synthetic
seismograms so as to image the channel as well as possible,
but instead to consider how the scattering manifests itself
in the processed domain. Indeed, just as for the field data
example of Fig. 3 and 4, we want to obtain images that have
undergone a minimal amount of processing. To this end,
we will begin by applying only two processes to the data: a
normal move-out (NMO) correction and a common depth
point (CDP) stack. The NMO routine requires a model of the
velocity structure of the reflecting body, which we take to be
given by the uniform background velocity. Since we are not
including the free surface in our modelling, there is no need
to carry out any f-k filtering to remove ground roll.
Figure 7 A shows a CDP stack calculated using the vertical
component of the seismograms from the mudstone channel
model of Fig. 5. The stack was produced from 27 shot records,
with shots spaced at an interval of 2.34 m between -30.47
and 30.47 m, and 53 receivers spaced at 1.17 m between the
same limits (the CDP spacing was therefore 0.585 m). For
comparison, the receiver spacing in the field data was 2 m.
As in the shot records shown in Fig. 6, the receivers and shots
were located 10 m above the top of the channel, and the source
time function was a Ricker wavelet of dominant frequency
97 Hz. Shown alongside, in Fig. 7B, is a zero-offset section
calculated for the same trace spacing. For both sections it is
straightforward to convert two-way times to depths using the
background velocity of the sandstone.
The zero-offset section is a single trace idealised image of
the scatterer. The difference between Fig. 7A and Fig. 7B is
sometimes referred to as the stack filter (Gibson & Levander
1988). In a 1D situation the two sections would be identical.
The obvious differences are due to scattering from the 2D
structure of the channel. The zero-offset section captures the
shape and size of the channel, but the CDP stack contains
significant artefacts in the form of an inverted V below the
base of the channel. The CDP stack contains information
from all offsets, not just the zero-offset data, and so the
energy arriving at wide offsets must be responsible for the
presence of the artefacts. As was evident from the synthetic
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Fig. 15 Unmigrated (A) and migrated (B) stacked sections corresponding to the model of Fig. 14.
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shot seismograms, these wide-offset arrivals are diffracted
phases, and it is therefore likely that these are the root cause
of the artefact.
We can gain further insight into the nature of the wide-
offset arrivals from the ray tracing calculations of Fig. 8. These
calculations consider two-way travel times for rays reflected
off the synclinal base of the channel, and illustrate the classical
bow-tie geometry that appears in both shot gathers and the
zero-offset section. For the zero-offset section, the width
of the bow-tie structure is less than the lateral extent of the
channel, while for the shot gather it is wider. The wide-angle
arrivals in the shot gather can be identified as reflections from
the extremities of the channel. The edges of the channel are
therefore acting essentially as point scatterers, and we would
expect these phases to respond well to migration.
Figure 9 shows the CDP stack and zero-offset section
after post-stack time migrations have been applied. For
the CDP stack, the migration produces a good image that
is approximately the same width and shape as the channel.
The channel's true thickness is somewhat less than that
suggested by the stacked image, however, demonstrating the
limited vertical resolving power of the frequencies present in
the source. The migration of the zero-offset section produces
a somewhat more laterally compact image, but for which
the shape of the lower interface of the channel is rather
weakly defined.
Model variations
Starting with the model of Fig. 5, a range of systematic
changes were made to the channel's shape, size, and material
contrast with the background, so as to explore the effect
of these parameters on the resulting images in stacked
sections. To a first approximation, the effect of the changes
was minimal, with some form of inverted V-shaped artefact
below the base of the channel being a consistent feature in
the unmigrated domain, and much clearer images being found
after migration.
Figures 10 and 11 illustrate this pattern with unmigrated
and migrated stacked sections for a selection of geometrical
variations that were made to the original model. Although
there are some qualitative differences between the various
situations (e.g., the flat upper surface of wider channels is
always better resolved than that of narrower channels), the
overall similarities are more striking. It appears that channel
scatterers are behaving as generic small-scale structures, and
the particular details of each case do not have much bearing
on the scattering that they produce.
A variation of a different kind is seen in the model of
Fig. 12, which represents a sandstone channel cut out of a
mudstone layer, itself embedded between two sandstone
half-spaces. There is likely to be a strong reflection from the
top and bottom of the mudstone layer, and it of interest to
examine the effect of the channel's presence on the image of
this reflector. The corresponding unmigrated and migrated
stacks are shown in Fig. 13 (the details of shot and receiver
positions are as before). As expected, the strong reflections
from the mudstone layer dominate the picture, but an inverted
V-shaped artefact, albeit of lower amplitude than before, can
be seen below the base of the channel on the unmigrated
stack. Applying migration cleans up this artefact, and leads to
a reasonably accurate image of the channel. It is also evident
that while the uppermost reflector produces a continuous
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image, the lower reflector is broken up around the position of
the channel on both the migrated and unmigrated stacks.
Another more complex model is shown in Fig. 14, in
which the mudstone channel lies within a 20 m thick series
of repeating sandstone and mudstone layers. Each mudstone
layer is 50 cm thick and each sandstone layer is 150 cm
thick (proportions that are comparable to those seen in the
Mount Messenger outcrop). The stratified region is then itself
sandwiched between two uniform sandstone half-spaces
so that we can focus on the scattering from the region of
the channel. Unmigrated and migrated stacks are shown in
Fig. 15, and both stacks show strong reflections from the top
and bottom of the stratified region as well as the channel.
There is no evidence of reflections from the thin sandstone and
mudstone layering in either stack, demonstrating that while the
20 m thick stratified region is large enough to be resolved, the
layering is too fine scale to be seen. The unmigrated section
produces a poor image of the channel, and a discontinuous
image of the bottom of the stratified region. The migrated
section images the channel better, although the channel's base
is rather incoherent (and much wider than in reality), and the
strength of the reflection from the bottom of the stratified
region is weaker below the base of the channel.
DISCUSSION AND CONCLUSIONS
The results of the synthetic modelling show that scattering
from small-scale heterogeneity of the type found in the
Mount Messenger Formation can indeed manifest itself as
visible artefacts in processed sections, most noticeably in the
unmigrated domain. Scattering from these heterogeneities can
be substantial, even though their size is much smaller than a
wavelength. In the unmigrated domain, the artefact generally
takes the form of an inverted V shape, imaged below the true
position of the scatterer, and is a robust feature, relatively
insensitive to changes in the scatterer's shape, size, or material
properties. Scattering and diffraction from these small-scale
features can also have the effect of breaking up otherwise
continuous reflectors around the heterogeneity. Applying a
post-stack time migration to simple channel models cleans up
most of the artefacts and generally produces an image which
gives a good idea of the horizontal extent of the channel,
but which has poorer vertical resolution. For more complex
models, migration still removes most of the artefact, but the
lateral resolution of the resulting images is not as good as
for the simple models, and there is still an adverse effect
on the lateral continuity of reflectors in the vicinity of the
heterogeneity.
These characteristics—inverted V shapes in the unmigrated
domain that disappear after migration, as well as pinch-out
and break-up of otherwise continuous reflectors—are exactly
analogous to the patterns seen in the Mount Messenger
field data shown in Fig. 3 and 4. Although it is hard to
unambiguously demonstrate that the features observed in
the field data are indeed caused by small-scale scattering
processes, the synthetic results are certainly supportive of this
hypothesis. Returning to the section of Fig. 3, it is possible
to find further inverted V-shaped features, such as those at
CDP 495,150 ms (which in the migrated section corresponds
to a reflector break-up), or CDP 460, 160 ms, which are
candidates for being caused by small-scale scattering. A
large part of the section, however, including most of CDPs
150-300, is too noisy to be able to pick out this type of feature
with any confidence. Nevertheless, the four or five potential
artefacts identified in one-half of the section is a number
consistent with the density of channels and other erosional
features observed in the Mount Messenger outcrop, and this
agreement acts as further heuristic evidence that scattering
from small-scale heterogeneity is responsible for the presence
of these artefacts.
The models considered in this paper have been very
simple, and an obvious extension of this study would be to
consider something more realistic. The P-SV impedance
operator method used for the modelling in this paper is
applicable to models of arbitrary complexity, although at
greater computational cost. More realistic models could take
into account much of the structure present in real sedimentary
successions, and which has been heavily simplified in the
examples presented here—3D models, the inclusion of a
free surface, the interaction of two or more channels, the
ability to resolve structure beneath a channel, and the effect
of features at greater depths, for example. The evidence of
the two complex models considered in this study is that
it may become more and more difficult to image these
features (even in the migrated domain) as the complexity of
the models increases.
As well as further modelling, different approaches could
also be taken to the processing of the results, to see if more
sophisticated processing sequences are also able to image
these small-scale structures. Pre-stack depth migration,
for instance, would be expected to deal with the P-wave
diffracted phases very effectively, although the evidence
of Fig. 6 suggests that S-wave diffractions are a significant
part of the recorded wavefield. A different approach would
be to include information from the horizontal component of
the seismograms, in the form of S-wave stacked sections for
comparison with the existing P-wave results, or as the basis
for a multicomponent full-waveform inversion.
The Mount Messenger Formation is a particularly valuable
sedimentary succession because of its accessibility for direct
observation. The type of sedimentary structures that it contains
are widespread, and there is much existing seismic data from
analogous formations elsewhere. Analysis of this data for the
presence of the kind of channelised artefacts that have been
found in this study would provide valuable insight into the
nature of small-scale scattering in a wide range of geological
settings. As well as lateral heterogeneities caused by channel
cut and fill structures, the Mount Messenger succession also
exhibits concretionary bands and laterally discontinuous
sandstone and siltstone bedding. Synthetic modelling of
these additional types of scatterers will enable us to build a
catalogue of small-scale scattering signatures.
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